We have considered resonant tunneling through a double tunnel junction where the central island has a mechanical degree of freedom controlling its position with respect to the electrodes. The effects of the coupling between mechanical vibrations of the dot and resonant tunneling of electrons have been studied under the assumption that there is only one available electronic state in the dot. By means of the Keldysh nonequilibrium Green functions technique, we have found that at voltages exceeding a certain critical value dynamical instability occurs and mechanical vibrations of the dot develop.
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Typeset using REVT E X 1 Nanoelectromechanics [1] is a new quickly developing field in condensed matter physics.
A coupling between strongly pronounced mesoscopic features of the electronic degrees of freedom ( such as quantum coherence and quantum correlations ) and material deformation degrees of freedom produces strong mechanical effects on the nanometer scale. The mesoscopic force oscillations in nanowires [2] observed a few years ago is an example of such a phenomenon. An investigation of the artificially-made nanomechanical devices where an interplay between the single-electron tunneling and the local mechanical degree of freedom significantly controls the electronic transport is another line of nanoelectromechanics [3, 4] . The simplest possible nanomechanical system of this kind is the self-assembled singleelectron transistor where a new electromechanical phenomenon was recently suggested [5] . It To investigate the influence of the quantum processes on the charge transfer through a movable grain we consider a model system which consists of a small grain (a quantum dot) placed between two bulk leads, as shown in FIG. 1. We assume that only one single electron level is available in the dot, the tunnel junctions between the leads and the dot are symmetric and the leads are identical. At the same time we treat the movable grain as a classical object.
The system under consideration consists of a quantum part (electronic degrees of freedom) and a classical part (mechanical vibrational degree of freedom) coupled to each other.
To model the quantum part of the system we use a Hamiltonian splitted in three terms 
(1)
where α = L, R is the lead index, e < 0 is the electron charge, V is an applied voltage,
is the distance between the leads, a † kα creates an electron with momentum k in the corresponding lead, X is a displacement of the dot, c † creates an electron in the dot.
The evolution of the quantum part is described by the Lioville-von Neumann equation:
where ρ(t) is the statistical operator of the quantum part. The coupling between the quantum and the classical part of the system enters this equation via the position dependence ( and thus time-dependence ) of the Hamiltonian H.
To describe the center of mass motion of the dot we use the Newton's equation
where M is the mass of the grain, k is an effective force constant of the springs, F = − < ∂H/∂X > and < • >≡ T r{ρ(t)•}. The coupling between the dynamics of the quantum and classical part enters this equation via the force F.
This force consists of two terms
where The force F depends on the correlation functions G < (t, t ′ ) and G < kα (t, t ′ ), which we compute by using nonequilibrium Keldysh formalism [7] . The unperturbed system in our consideration is the system described by the first two terms in the Hamiltonian. In the case of a time-dependent tunneling Hamiltonian, the Keldysh formalism allows to perform exact summation of the perturbation series [8] .
Since electrons in the leads assumed to be noninteracting we can express the correlation 
where
The retardered and advanced Green's functions G r,a (t, t ′ ) can be found from the corresponding Dyson equations
for the grain.
The Green function G < can be found from the following Keldysh equation
, ρ is the density of states in the leads and
Using the above results we obtain the general expression for the force
Now we can investigate the stability of the central point X = 0. Let the grain be fixed in the central position X = 0 until the moment t = 0. We assume that the symmetric ( with respect Fermi level) time-independent voltage was turned on at infinity, and the strings are adjusted in such way that they compensate the equilibrium force F 0 in the central position.
At the moment t = 0 the grain is infinitesimally shifted and we are interested if it will oscillate with an increasing amplitude.
To investigate this problem we expand F to the first order with respect to the displace- 
We will study the case of a weak electromechanical coupling. In this case . Since the instability corresponds to the positive imaginary part of the frequency, the condition for the instability to exist is the condition that the following expression is negative
For the sake of simplicity consider the case of the zero temperature. In this case we have the following asymptote when the voltage tends to infinity
Therefore when the voltage is large enough we have instability. Since for the zero voltage ℑA w 0 is positive, we have some threshold voltage when ℑA w 0 become negative. In the case of a weak tunneling we can write the threshold voltage explicitly:
To study how the instability develops in the case of a weak electromechanical coupling we numerically computed the energy pumping into the mechanical degree of freedom W during one period of oscillations with a constant amplitude as a function of amplitude squared , A 2 , at "low" and "high" frequencies (FIG. 2 and FIG. 3 ).
When this energy W is positive the amplitude slow increases and when W is negative the amplitude decreases (which is shown by arrows). From FIG. 2 and FIG. 3 we can see that at some amplitudes W vanishes. It means that when the applied voltage exceeds the threshold the amplitude of the oscillation slowly increases until it develops into a stable limit cycle (which can be seen from the directions of the arrows).
In conclusion we have studied the effect of a coupling between the resonant tunneling through one level in the dot and the vibrational motion of the dot's center of mass. We have found that at voltages exceeding certain critical value a dynamical instability occurs and 
